Magneto-Rheological Fluid ("MRF") technology has been successfully employed in various low and high volume automotive applications. Good understanding of specific design constraints is required to define and to optimize a magneto-rheological device. This article presents parametrical analyses with magnetic simulations, of a magneto-rheological valve and a magneto-rheological orifice. Experimental rig assemblies of two different control devices have been designed, built and the performances have been evaluated experimentally.
particles and to avoid thickening which occurs as the result of long term usage of the fluid.
The total density depends on the formulation and is approximately by 3-4g/cc.
All three components define the magneto-rheological behaviour of the MR fluid. The change of one of the MRF components will lead to rheological changes (in the off-state) and to magneto-rheological changes in behaviour (in the on-state). Finally a trade-off between the achievable performances of all three components in combination is required in order to optimize a formulation. The rheological behavior of the MRF is dependent on the chemical formulation and the stability of the chain-like structure, which the fluid has to flow around.
The physical background for the MR-effect is depicted with simplification schematically in 
MRF valve and orifice layout
Two different types of control arrangements have been evaluated, the MRF control valve and the MRF control orifice. In case of MRF control valve, the direction of the fluid flow is perpendicular to the external magnetic field. The external magnetic field causes chain-like structures of the MRF particles to form in the gap area. The resistance to flow caused by the particle-structure for the fluid to pass is the reason for the magneto-rheological pressure drop. In the case of the MRF control orifice, the direction of the fluid flow is parallel to the external magnetic field. Fig. 4 shows a cross-section of the MRF control orifice. The external magnetic field causes chain-like structures of the MRF particles in the orifice area. The resistance of particle-structure for the fluid to pass is the reason for the magneto-rheological pressure drop. Main assembly components are: coil and housing with attachments. The coil bobbin inner diameter was designed to be equal to the orifice diameter. The MRF effect in both layouts has been evaluated theoretically and experimentally. In this study, two fluids MRF-132-AD and MRF-336-AG have been used. The yield stress is the magnetic field dependent rheological feature of the MRF. Both fluids show high yield stress in response to the applied magnetic field. In the case of hydrocarbon-based MRF-132-AD, yield stress of about 42 kPa at magnetic field intensity of 200 kA/m is achievable [6] [7] [8] . In the case of silicon-based MRF-336-AG, yield stress of about 45 kPa at magnetic field intensity of 200 kA/m is achievable [6] [7] [8] .
Both layouts, valve and orifice, are designed for better comparison in similar packaging.
MRF valve and orifice parameter calculations
The pressure drop created in the valve mode is the sum of the viscous (purely rheological) component P r and the magnetic field dependent (magneto-rheological) component P mr .
The value of this pressure drop is defined using the following approximation [3] :
The purely rheological P r term of Eq. (1) is valid for rectangular ducts. The magnetorheological pressure drop P mr is dependent on applied magnetic field. The magnetic field dependent component is the yield stress, τ mr , which is developed in response to the applied magnetic field. In the viscous component in this equation (1) is complex. Therefore an empirical factor f -(no units) has been introduced. In the case where the magneto-rheological part is the more significant, i.e.
P mr / P r is about 100, this factor is 3 [5] . When the fluid movement is large, purely rheological component of Eq. 
By using Eq. (2), the purely rheological pressure drop in the valve can be calculated. Fig. 6 shows the pressure drop through the valve considering flow rates of interests from 5 cm³/s up to 20 cm³/s. Eq. (2) and the MRF 132-AD viscosity specification [8] have been used. However as alternative to the control arrangement has been proposed and will be evaluated. 
The magnetic circuitry for magneto-rheological devices
A coil in an appropriate ferromagnetic housing needs to be defined as the source of the magnetic field. The magnetic field is the result of electric power flow, current I [A] and
, through the coil. The coil is wound around the bobbin and the magnetic field is guided through the MRF gap perpendicularly to the fluid flow. All ferromagnetic components, the housing, the internal shaft and the MRF, have to be considered for the evaluation of the magnetic circuitry. For the parametrical calculation it was necessary to perform a trial and error series of operations to find out how many turns the coil needs to have in order to provide the required field strength and how much space this coil will need. To perform these calculations, layout geometries had to be assumed initially, i.e. the outer diameter of the housing, and then tuned to the optimum. Finally, magnetic field simulation must be used to confirm the magnetic field calculations. The alternative arrangement has been introduce in Fig. 4 . In this case also a coil in a ferromagnetic housing needs to be defined as the source of the magnetic field. The coil is wound around the bobbin and the magnetic field is guided directly into the MRF, which is in the orifice. The bobbin inner diameter is designed to be only slightly larger than the orifice diameter. The magnetic field direction is inline with the fluid flow direction. Fig. 11 shows the main magnetic path through the alternative MRF orifice arrangement. have been taken from the MRF supplier [7 and 8] . In order to achieve a fast response it is required to minimize the amount of the ferromagnetic steel in the magnetic circuit. In Fig. 10 and 11 there are several designated sections of component through which the magnetic flux passes. Therefore:
Where H is the field strength, l is the gap length and N is number of turns in the coil. Since the flux is constant, the product of flux density and cross-sectional area must be constant for each material:
The flux density B (Tesla) depends on the properties of the material and specially the relative μ r (-) and absolute permeability μ. They are sometimes written in the form:
where μ 0 , the permeability of free space is constant, and μ r , the relative permeability is another variable with different values for each value of magnetic field strength and for each material. The reluctance, , is an analog to the resistance in the electric circuit. For the calculation of the reluctance the following equation can be establish:
Where, MMF is the magneto-motive force and is the flux. The reluctance is sometimes written in the form:
The total system reluctance can be calculated as follows:
Ohm's law for magnetic circuit could be formed as:
In the magnetic path through an assembly, components specific reluctance has to be considered separately:
The inductance (Weber-turns per Ampere) of the magnetic circuit is defined as:
Due to combination of equations (9) with (10), considering equations (6) to (8) , following equation can be introduced:
It is now possible to follow a simplified procedure to calculate the required number of turns to achieve the required magnetic field strength. For the parametric calculation, to determine the number turns, the relative permeability of Ck15 and MRF-132-AD have been set as constant. 
Electric coil for magnetorheological arrangements
Each strand of the copper wire is coated with an insulating layer to avoid electrical short circuits. The insulated wire is about 10% larger than the un-insulated wire. The overall 14 resistance of the copper wire in the coil can be calculated if the geometry, length and crosssectional area are known.
The resistivity of copper, δ, is defined by 0.01786 Ohm . mm²/m. There is also a variation of the resistivity of copper with temperature, and this also must be taken into consideration. Over the temperature range of interest:
where is the temperature in degrees centigrade and the temperature constant, α at 20°C, is defined by 0.0039 1/ °C. Fig. 14 shows results of the parametric calculation of current density versus wire diameter. Generally, the limitation is given by thermal conditions and the isolation layer specification for the copper wire. It is now necessary to perform a trial and error series of operations to find out how many turns the coil needs to have in order to overcome the reluctance. The parametrical calculation results, used to specify the prototype coil, have been proven by non-linear magnetic field simulation. Based on above discussed analytical calculations and the results from the magnetic field simulations, prototype specification for coils has been proposed. Fig. 15 and 16 depict the coil specification of the favorite MRF control valve and the alternative MRF orifice respectively. 
Magnetic field simulation results from "MR"-valve and "MR"-orifice
The magnetic field simulation tool FEMM software version 4 has been used for optimization.
The simulation problem type has been set up to an "axisymmetric problem". 
Experimental evaluation of magneto-rheological control
The assembly of the control valve and orifice are presented in Fig. 23 and 24. The measured weight of the "MR"-valve assembly is 475g and the volume is 70mm³. The measured weight of the "MR"-orifice assembly is 530g and the volume is 75mm³. Overall packaging and weight of both designs, valve and orifice, have been found as acceptable for comparison of functional performance. The pressure drop of the "MR"-orifice depends strongly on flow rate. Non homogeneous magnetic field density along and across the orifice causes a chain-like structure of MRF particles, which is not orthogonal to the fluid motion. A continuous flow rate of 5cm³/s was required to achieve pressure drop in the orifice. On the other side, the "MR"-valve was capable to hold the pressure without a significant leakage. In the valve gap, the magnetic field is homogeneous and causes orthogonal alignment of the chain-like structure of MRF particles to the fluid motion. The achievable pressure drop in the valve is much higher than in the orifice. It was concluded from the experimental results that the preferred control structure is the "MR"-valve, and the preferred fluid for the test is MRF 132-AD. Based on achieved results it can be stated that magneto-rheological technology offers big potential for various fluid applications.
One of these possible applications could be a pressure release valve. A reference load assembly, hydraulic piston working against a disc spring, has been prepared for evaluation of the pressure release behavior. The reference load assembly represents the elasticity of a typical clutch mechanism. The assembly, used for experimental evaluation, is presented in Fig.   28 . The cross-section of experimental rig is shown in Fig. 29 . In this experimental evaluation the de-activation time was evaluated. Some delay, up to 25ms, has been obtained by conditioning of the signal from analoge format to digital format. Less than 150ms were required to decrease the pressure from 1.0MPa to 0.25MPa, and about 200ms were required to decrease the pressure from 1.7MPa to 0.25MPa.
Conclusions
A literature survey for "MR"-technology [15] 
